Introduction
indicates that most of the data, particularly at the north, east and west sites, can be explained by rupture of a 30 to 37 km long segment of the San Andreas fault from 8 to 18 km deep with oblique slip ranging from 5.5 m to 1.5 m as the fault geometry increases from its minimum to maximum values. Even better fits weie obtained with non-uniform slip models (Beroza, 1991; Hartzell et aL, 1991; Steidl et aL, 1991; Wald el aL, 1991; Amadottir and Segall, 1994; Horton, 1996) . The details of the various uniform slip models are listed in Table 1 . The poor fits of these single slip patch models to the few geodetic and GPS data near the southern end of the rupture indicate problems with these models (Lisowski et aL, 1990 ).
GEODETIC NETWORK
The few published data are not sufficient to determine the detailed geometry of the rupture here and the role the Sargent fault might have played in this earthquake even though intense aftershock activity extended at least 15 km along the SAP from the southern end of the modeled rupture and on the Sargent fault (Dietz and Ellsworth, 1990) . Surface displacements were also observed on the Sargent fault (Aydin et aL, 1992; Marshall et aL, 1991) .
The data reported here also are too few to provide a full understanding of what occurred here but they do provide some useful hints. In particular, they support the suggestion that the Loma Prieta rupture extended into the Pajaro region although the slip was much less than that during the main shock and may have been triggered by the main shock. Furthermore, shallow, possibly triggered, slip probably occurred on the Sargent fault. Most importantly, inclusion of Loma Prieta slip in the Pajaro region is consistent with the strain offsets measured independently on borehole strainmeters in the region Gwyther et aL, 1992) .
The data also suggest that significant postseismic slip occurred on the San Andreas fault in this region during 1990 and may have triggered, or been triggered by, the April 18, 1990, Chittenden ML 5.4 earthquake -the largest aftershock of the Loma Prieta earthquake. Post-seismic slip is also suggested by increased rates of surface creep within, and to the southeast of the network, from 1990 to 1992 (Behr et aL, 1997) and increased strain rates recorded on nearby borehole strainmeters following both the mainshock and the aftershock Gwyther et aL, 1992) .
Most significantly, sections of the SAP beneath the network failed largely aseismically in 1992 and in 1996 (Johnston et aL, 1997) .
To illustrate this sequence of events, we first isolate coseismic and postseismic displacements generated local to the network by removing the secular displacement rates in the region (Gu and Prescott, 1986) and the coseismic displacements generated by the main Loma Prieta rupture (Lisowski et aL, 1990; Marshall et aL, 1991; Snay et aL, 1991; Williams et aL, 1993; Arnadottir and SegalL 1994) . The coseismic and postseismic residuals are then best-fit with simple uniformslip elastic-dislocation models to determine the main features of slip in the region during and following the Loma Prieta earthquake. The Pajaro Network
The Pajaro network (Figure 1 -insert) is uniquely located over a 14 km long segment of the SAP that covers the transition between the section of the fault that is continuously creeping (i.e. to the SE of the network) into the section that had been previously locked (i.e. to the NW of the network). Line lengths within the Pajaro geodetic network are measured using a Hewlett Packard model 3808 (HP3808) electronic distance measuring device (EDM). The measurement precision is about 1.5 ppm and the standard deviation (mm) as a function of line-length is given by,
where a and b are equal to 3 mm and 1.0 mm/km, respectively, and X is the line-length measurement in kilometers (Lisowski and Prescott, 1981) . The precision of line-length measurements in the network range from 4 mm to 15 mm. Measurements are made using a tripod mounted HP3808
and retro-reflectors centered above permanent benchmarks. End point meteorology measurements (air temperature, atmospheric pressure, and humidity) are used to correct for changes in the refractive index of the air along the travel path. Shaded measurements of these meteorological parameters were made at both the instrument and reflector sites and averaged to estimate the refractive index along the path. Temperature measurements were made at a 5 m height with digital thermometers accurate to 0.4"C.
Line lengths are measured in both directions and the corrected mean distance is weighted by the standard deviation of the measurements and used with the site elevation and tripod height differences to calculate the mark to mark distances and sea level distances described by Bomford (1971) . For the analysis described here, the distances used are all sea level distances and any lines greater than 7 km in length are not used in this study because repeatability could not be demon- Savage and Prescott, 1973) .
To test the quality of our EDM data, we compared data from the EDM lines P5-C1 and P5-P7
with that from the Geodolite line JU-CH (Figure 1 ) These lines are different in length (P5-C1 is 5.5
km. P5-P7 is 4.1 km, and JU-CH is 13.4 km) but they have the same general azimuth and cross the SAP within a 0.7 km section. Figure 2 shows a comparison of the data from these lines which indicates that, between 1982 and 1990, the two independent measurement systems recorded similar displacements (49mm, 51 mm and 55 mm) of which only a few mm was due to the Loma Prieta main rupture (as calculated using the Arnadottir and Segall (1994) Lisowski et a!., (1996) and including the JU-CH line (shown in Figure 2 ) indicate blockslip from 1973-1990 of 7 mm/yr. Furthermore, observed long-term surface creep near San Juan Bautista (SJB) at the south of this region reported by Behr et al., (1997) indicate the net slip here at the south end is also 7 mm/yr. Thus, a secular rate due to 7 mm/yr of fault slip is imposed on these data and needs to be removed before details of the Loma Prieta earthquake can be investigated.
Seismicity
The seismicity pattern along the San Andreas fault, for the eight year period prior to the Loma Prieta earthquake, indicates the fault was largely aseismic NW of geodetic site P4 (Figure 3 , upper left). Seismicity is observed along the San Andreas fault SE of site P4 (Dietz and Ellsworth, 1990) and surface fault creep is observed along the fault SE of site PI (Behr et al., 1997) . The previously locked sections on both the SAF and the Sargent fault exhibited strong aftershock activity following the Loma Prieta earthquake, as shown during the first week in Figure 3 during the first three years in Figure 3 (lower right). Also shown in Figure 3 (lower left) is the aftershock activity from April 18, 1990 to May 18, following the April 18, 1990 Chittenden aftershock (ML 5.4), the largest event in the Loma Prieta aftershock sequence. This event occurred immediately beneath site P7. Also evident is an apparent but minor offset in seismicity on the SAF between P4 and P5 as shown in the expanded section of Figure 3 (lower right).
The aftershocks near the SAF were projected onto the SAF (line AA' in Figure 3 ). Figure 4 (upper left) shows the pre-1989 seismicity in cross-section in relation to the Pajaro network and the future aftershock region of the Chittenden earthquake (grey hatching). The transition from the creeping to the locked section of the SAF is located just to the north of site PI near the southern end of the Pajaro geodetic network (Wesson et aL, 1973) . The aftershock cross-section for the first week after the earthquake is shown in Figure 4 (top right) and that during the Chittenden aftershock is shown in Figure 4 (lower left). The absence of seismicity in this grey hatched area before and after the Loma Prieta earthquake suggests that this zone did not break during or immediately after the Loma Prieta earthquake. If so, it probably was no surprise that it ruptured as an aftershock in 1990.
The overall aftershock pattern of the Loma Prieta event ( Figure 4 , bottom right) shows a shallowing of seismicity from north to south from depths of about 20 km to about 10 km. An apparent hole in the aftershock distribution occurs under PI to P4 to a depth of about 7 km. It is interesting to note that this section failed largely aseismically in a slow earthquake in December, 1992 and again in 1996 during aseismic failure of a second section just to the north (Johnston et al.. 1997) . In general, the majority of aftershocks shown in this cross-section for the first three years after the earthquake occurred in the previously locked section of the fault.
Observed Displacements
The changes in line-length for the individual lines as a function of time between 1981 and 1996 are plotted in Figure 5a and 5b. Following the Loma Prieta earthquake, five surveys were completed in the seven year period from 1989 to 1996 except at site P3. Data were no longer collected at this site after 1990 because the benchmark was destroyed. Also, site P2 was not surveyed in 1996 because of difficulties in getting access to the property on which it is located. Individual line-length measurements are shown in Appendix A.
The most obvious features of the data are:
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A' 3) suggestions on some lines that rates of line-length change after the earthquake are larger than those before the earthquake, 4) strong extension of the fault-normal and fault-crossing line P5-P6 and the non fault-crossing line P3-P4 produced by the Loma Prieta earthquake. Indications of postseismic contraction occurred in P4-P6 and P1-P2.
5) changes observed both before and after the Loma Prieta earthquake that are much larger than expected from the published models of the earthquake (Lisowski et aL, 1990; Marshall el al., 1991; Snay et al., 1991; Williams et al, 1993; Arnadottir and Segall, 1994) .
6) the overall effect of the Loma Prieta earthquake was to shear and to dilate the northern part of the Pajaro network.
To isolate effects due to the Loma Prieta earthquake, its aftershocks, and other effects, we have removed the secular displacement rates due to block slip of 7 mm/yr (Gu and Prescon, 1986; Behr el al.. 1997; Lisowski et ai, 1996) from the data in the region (as discussed above). We modeled this slip with a simple block displacement model in which 7 mm/yr occurs on a 60 km long and 20 km wide fault beneath the network (Okada, 1985) and calculated the expected displacement rates for each line during the period from 1982 to October, 1989. These displacement rates are shown in
Figures 5a and 5b as dashed lines. While no data were collected between 1982 and 1989 because of efforts to upgrade the Parkfield region at the other end of the creeping section of the fault, these displacement rates over the region are assumed to be uniform during this time -an assumption that is supported by the continuous and more sensitive strain data in the region .
The residuals (termed observed coseismic) are listed in Table 2 .
The data were also processed using the various analysis techniques discussed in Welsch (1979 ), Prescon. (1981 and Gu and Prescott (1986) for display of displacement data in strike-slip environments. FAULT CROSSING 
Discussion
The large changes in line length and the active seismicity in this region during and following the Loma Prieta earthquake raise immediate suspicions of significant tectonic activity in this region.
Unfortunately, understanding this activity is difficult with data from only 12 EDM lines and two continuous strainmeters in the region. The few long-length Geodolite lines are, for most part, too far away to be of much help. Thus, the data are sufficient to deal with only the simplest models of coseismic and postseismic behavior.
As a first step, we initially tried inverting all of the data reported in Lisowski et al., (1990) and strain data from Johnston et al., (1990) using the inversion method of Marquardt (1963) , as described by Bevington (1969) , for least squares estimation of coseismic failure on the main Loma Prieta rupture and on the San Andreas fault in the vicinity of the Pajaro network. The starting model was restricted to be on the San Andreas fault and we attempted to solve for slip, with perturbations in width and length. In the inversion procedure, weighting of the various points uses the reciprocal of the error estimates. For the EDM lines we used 2o listed in Table 2 and in Lisowski et al. (1990) . For the strain data we used errors of 20% of the observed signals. We were able to find models for which the Chi-square values (ie misfit squared) could be minimized to less than 8.
However, detailed investigation showed the misfits in just the Pajaro region were still poor and that the total data set, mostly involving sites to the north and near the large main Loma Prieta rupture, was not very sensitive to detailed slip in the Pajaro region (no sites there).
To focus on the Pajaro region and to isolate coseismic effects generated by the primary rupture from those perhaps generated more local to the Pajaro network, we next calculated displacements generated from the simplest models of the Loma Prieta earthquake previously obtained by inversion of the large-scale geodetic, and leveling data (Lisowski et al., 1990; Marshall et al., 1991; Snay et al., 1991; Williams et al., 1993; Arnadottir and Segall, 1994) then removed these displacements from the observed data in the Pajaro network. These models differ only in the fine details (Table 1 ) and predict quite similar displacements at each of the benchmarks within the Pajaro network. The best-fit simple models (Lisowski et al., 1990; Marshall et al., 1991; Snay et al., 1991; Williams et al., 1993; Arnadottir and Segall, 1994) indicate that most of the large-scale data can be explained by rupture of a 30 to 37 km long segment of the San Andreas fault from 6 to 18 km deep with strike-slip and reverse slip ranging from 5.5 m to 1.5 m for the smallest to largest fault geometries. All of the models underestimate the observed amplitude and sense of motion of the different benchmarks in the Pajaro network. We chose one of the more recent models (Arnadottir and Segall, 1994) as the representative model for the Loma Prieta earthquake since it has the smallest fault geometry. In this model the rupture length is 30 km with 5.2 m of strike-slip and 4.6 m of dip-slip motion.
Displacements at each of the sites were calculated for this primary rupture model (termed AS) using the formulation for an elastic dislocation from Okada (1985) . These were converted into line-length changes and are listed in Table 2 . It is apparent that the observed offsets are not in agreement with the offsets expected at this location from the AS model (or, for that matter, any other model). The model misfit to the Pajaro data is 6.5 mm/mm which is worse than that for a null model (5.6). This problem is even more apparent if we view these data as vector displace- We now investigate various models that might explain these observed coseismic data.
Because of our limited data, we have restricted our search for slip models to those located on either the San Andreas and Sargent faults, or both, where most of the aftershock activity was located.
This simplified our search through model space enormously since we constrain position, length, width, dip, depth and the only unknown parameters are slip. We also looked at small perturbations in length, width and depth of the fault to see how sensitive the solution was to the chosen values.
In some cases, we also allowed dip on the San Andreas to vary. We also carried out grid point searches over a generous range of parameters in order to verify the stability of the various parameters even though we are limited by the few data available.
Several best fitting models were obtained with model misfits less than 4.5 mm/mm and others are no doubt possible. The two primary candidates require slip on both the Sargent and the San Andreas faults and, in both cases, the amount of slip required is substantially less than that on the main fault rupture, as expected if this slip were triggered. The best of these (misfit 4.1) is physi- cally questionable, in that, while we find we need 70 cm of strike-slip motion on an 8 km by 3 km vertical fault patch on the San Andreas fault and 80 cm of primarily strike-slip motion on an 10 km by 4 km fault patch on the Sargent fault, we also need 40 cm of extension on the San Andreas fault. While seismicity in this region (Fig. 3) does show an apparent right step between sites P4 and P5, this extension is too large to be acceptable. What this is probably trying to tell us is we need some component of thrust near the San Andreas to explain the eastward movement of sites P3
and P6. However, we do not have sufficient data to justify searching for a more general model.
More likely models, such as that listed in Table 3 Figure 9 with the observed displacement vectors (solid) showing that the overall fit to the data is improved. The additional moment release on this segment of the San Andreas fault system was 1.4xl0 ls Nm. More complex models with additional slip patches, slightly different geometry, steeper dip or perhaps including differentia] slip on these patches might give a better fit to these data but with the few data we have we cannot justify invoking more parameters.
Few data exist in this region that might be used to independently test this new total Loma
Prieta rupture model. It is a great relief that the coseismic data from the two borehole strainmeters SRL and SJB (Figure 1 ) within the network are now generally consistent with this new model, as they should since these data were used to obtain this model. Previously, the observed coseismic offsets could not be reconciled with calculations based on any of the other coseismic models . The observed coseismic dilatational strain step at SRL is +5.0 microstrain while the dilatation, yl (=exx -e^) shear, and y2 (=2e^,) shear at SJB are +1.3, +1.8, and -3.8 microstrain, respectively . Using the total rupture model, the calculated dilatational strain at SRL is +3.9 microstrain, while the calculated tensor strain values at SJB are +2.0 microstrain in dilatation, +2.0 microstrain in yl shear, and -5.2 microstrain for y2 shear. Linde et al., [1996] to fit strain observed during a slow earthquake in December, 1996. (Table 2) .
The values are in good agreement in sign and amplitude with those at the SJB tensor strainmeter and the dilational strainmeter SRL. This new total model, or some other like it, thus supplies a possible answer to the strain offset problem in this region pointed out by Johnston et al. (1990) . A single level-line was run through the Pajaro Gap following the earthquake (Marshall et al., 1991) .
Unfortunately, the data were too infrequent to separate coseismic and postseismic vertical displacements in the region. However, these data do indicate that the Loma Prieta earthquake did generate vertical displacements on the Sargent fault in support of our contention that slip occurred here during the earthquake.
The postseismic line length changes observed between 1989 and 1992 are shown in Figure 5 and are listed in Table 4 . As with the coseismic phase of the earthquake, the largest postseismic displacements also occur beneath the northern part of the Pajaro net. Furthermore, the majority of these postseismic changes occur between the 1989 survey and the October 1990 survey and, during this time period, a ML 5.4 aftershock occurred beneath the network at Chittenden on April 18, 1990.
We now investigate models of local slip that will satisfy the postseismic observations. We again restrict our search for slip models to those on the San Andreas and/or Sargent faults where aftershock activity was concentrated and solve for slip, and perturbations in length and width. The Figure 10 . In recent papers, Savage et al., (1994) and Burgmann et al., (1997) have reported postseismic contraction in GPS data to the north-east of the Loma Prieta epicenter some 20 km to 30 km to the north of the Pajaro array. Savage el al, (1994) suggested that fault zone compaction in the hypocentral region may explain the observed motions while Burgmann el al, (1997) suggested these might have resulted from two reverse faults dipping westward from beneath the San Andreas and Sargent faults. While Burgmann el al, (1997) 's reverse fault model extends through the Pajaro network, the expected displacements are not consistent with our observations and the proposed fault is at an angle of 54 degrees to the observed vertical seismicity on the Sargent fault. However, Burgmann el a/.,'s (1997) model is very poorly constrained in this region and perhaps reverse faults that do not extend 20 km to the SE through the Pajaro network might still fit the data. Expected displacements at Burgmann et al., (1997) 's GPS sites from the model proposed here amount to several centimeters in a generally southerly direction, similar to those observed.
We do find suggestions in some lines of increases in the displacement rates of the fault crossing lines ( Figure 5 ) following the Loma Prieta earthquake in the San Juan Bautista/Pajaro gap region of the SAF. Future data will determine whether this is the case. We suspect it to be so since higher postseismic creep rates [13.4 mm/yr at Nyland Ranch (Behr el al, 1996) ] and higher continuous shear-strain rates (Gwyther et al, 1992) are observed in the region.
The net total slip (coseismic and postseismic) in this region is shown in the bottom crosssection plot in Figure 8 . An interesting feature of this plot is that almost all of the 15 km long segment of the San Andreas north of site P4 and down to the bottom of the microseismicity appears to have slipped during and following the Loma Prieta earthquake. Another interesting feature of the plot is that the segment of the fault south of P4 slipped in slow earthquakes in 1992 and 1996 : Johnston el al, 1997 . The model used to fit the 1992 strain data is shown as a cross-hatched section on the bottom plot of Figure 8 . Substantial slip moment (2.7x10^ Nm) has thus been released on this segment of the San Andreas fault as a consequence of the Loma Prieta earthquake.
Conclusions
Ground displacements measured on an intermediate baseline geodetic network spanning 14 km of the San Andreas from San Juan Bautista to Pajaro Gap are not consistent with rupture models of the Loma Prieta earthquake derived from inversions of geodetic and strong motion data. Additional slip is required on both the San Andreas and the Sargent faults near this network. Model fits to these data indicate substantial coseismic slip occurred on the San Andreas fault beneath this network with sympathetic slip on the nearby Sargent fault during the Loma Prieta earthquake though we have too few data to provide tight constraints on these models. The total moment release was 4xlOn Nm on the San Andreas and l.OxlO18 Nm on the Sargent fault and increases by 5% the total moment release for the Loma Prieta earthquake reported by Lisowski et al. (1990) and Segall (1994) . Finally, future data from these sites will confirm whether the Loma Prieta earthquake increased the block slip rate in the Pajaro region. The slip rate is well determined by Gu and Prescott (1986) Lisowski et al., (1996) and Behr et al., (1997) prior to the Loma Prieta earthquake.
Following the event, higher creep rates (Behr et al., 1996) , higher continuous shear-strain rates (G\\yther et al., 1992) and several aseismic slip events (slow earthquakes) have been observed in the region. Will a damaging earthquake occur in this region in the near future? On one hand, the Loma Prieta earthquake certainly increased shear stress on the fault and thus increased the likelyhood of a damaging earthquake, as suggested by Behr et al. (1997) . On the other hand, considerable slip moment has been released in the region and most of the fault has failed in some form since the Loma Prieta earthquake. It thus seems unlikely that such a weakened fault could support a significant earthquake in the near future along this segment of the San Andreas fault.
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